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ARTIFICIAL VENTILATION WITH small tidal volumes (VT) has been shown to reduce mortality in patients with acute respiratory distress syndrome (ARDS) (38) . Presumably, this must be ascribed to a prevention of ventilator-induced lung injury (VILI) (12) , a hypothesis that is supported by the finding of a smaller inflammatory response in patients ventilated using a lung-protective strategy with small V T values (30) . A recent animal study showed that small V T ventilation at low lung volumes was injurious, causing a significant increase in proinflammatory cytokines compared with animals ventilated at larger lung volumes using positive end-expiratory pressure (PEEP) (8) . However, two recent clinical trials comparing ventilator strategies using small V T and either low or high PEEP failed to demonstrate any significant differences in mortality between low and high PEEP groups (23, 24) . An explanation of these controversial results has remained elusive, with one of the impediments being a poor understanding of the mechanical behavior of alveoli during mechanical ventilation. One hypothesis is that VILI is mainly due to mechanical strain on the alveoli, caused by repetitive closing and opening or by overdistension of neighboring alveoli (7) , but it remains uncertain under which circumstances, if any, alveoli will close. The mechanical properties are, to a large extent, determined by the surfactant lining the alveoli. Laplace's law dictates that, for a spherical alveolus, the pressure exerted by the surface tension increases as the radius of the alveolus goes down. This holds the potential for instability in the sense that the pressurevolume (PV) curve for alveoli may have negative slopes, leading to a behavior in which alveoli are unstable and may suddenly pop open or closed (39, 44) .
It was originally suggested by Clements et al. (9) that surfactant serves to stabilize the alveoli, and the passive elastic properties of the lung tissue may play a similar role. Experimental and theoretical studies (4, 21, 32, 39) indicate that lipid phase transitions provide the surfactant monolayer lining the alveolar surface with mechanical properties that are suitable for stabilizing the alveoli. These mechanical properties display marked hysteresis, which is compatible with the hysteresis of the PV curve observed during inspiration and expiration. Indeed, pulmonary surfactant deficiency or inhibition may play an important role in the development of VILI (49) .
Several theoretical models have been used to investigate the properties of pulmonary surfactant and mechanics (16, 20, 27, 28, 29, 34, 43, 47) . The majority of these models have focused on either the hysteretic properties of pulmonary surfactant alone (16, 20, 27, 28) or a combination of lung tissue properties and surfactant, ignoring surfactant hysteretic behavior (e.g., Ref. 34, 43, 47) . However, to the best of the authors' knowledge, only Trauble et al. (39) investigated under which conditions alveoli show instable behavior, and this was performed using a model neglecting lung tissue properties.
The purpose of this paper is to explore theoretically under which conditions an alveolus will show instability, when subjected to a range of transmural pressures (P TM ). The mathematical model developed will use a simple geometry for the alveolus, where individual alveoli are inflated through a rigid ring (43) . The P TM , resisting inflation, will be considered to consist of a contribution due to passive elastic properties of the lung tissue (34) , plus a contribution from the surfactant, including its hysteretic behavior (21) .
METHODS
The presented model has been implemented in MATLAB (The Mathworks, Natick, MA).
The alveolar model has three components: 1) a geometric model of the alveoli, 2) a model of the surfactant, and 3) a model of tissue passive elastic properties.
A geometric model of an alveolus. The alveolar form was suggested by Valberg and Brain (43) to be a "honeycomb", where the surface of an alveolus has a polyhedral shape. We make the assumption that the shape can be approximated by a sphere, inflated through a ring, which is considerably stiffer than the walls of the alveolus due to the presence of collagen fibers and smooth muscle (19) . According to this model, the alveolus is a flat surface spanning the rigid ring at zero alveolar PTM. During inflation, it becomes saucer shaped (Fig. 1A) , a hemisphere (Fig. 1B) , and, finally, almost spherical (Fig. 1C) .
The volume included in the alveolus (VA) can be calculated using the geometric formula (35) :
where b is the height of the alveolus, and r is the radius of the alveolus.
The surface area of the alveolus (A A) can be calculated as (35) :
where a is the length of the opening radius ( Fig. 1) . From Eq. 2, r can be isolated, as a function of a and b:
Thus, if a and b are known, r can be calculated along with the V A (Eq. 1) and AA (Eq. 2). The alveolar PTM. The alveolar PTM is defined as the difference between the pressure inside the alveolus (PA) and the hydrostatic pressure (PL) exerted by the tissue surrounding the alveolus as defined in Eq. 4.
In the lungs, PL will increase down the lungs due to the weight of the lung tissue. This paper focuses on the behavior of individual alveoli, and the PTM seen by an alveolus will, therefore, be considered the independent variable. For a given alveolus, PTM must be counterbalanced by the mechanical properties of the alveolus, and it is assumed that these mechanical properties have two components: an elastic component due to alveolar wall, and a component due to the surface tension of the alveolar air-liquid interface. It is assumed that:
where PE is the pressure exerted by the elasticity of the lung tissue, and PS is the recoil pressure due to surface tension. We will assume that the pressure PS due to the surface tension ␥ of the alveolar air-liquid interface can be calculated from Laplace's law, as stated in Eq. 6.
where r is the radius of a sphere inscribed in alveolar space (Fig. 1 ). The classic model with two connected alveolar "bubbles" of unequal radii shows unstable behavior, as the small bubble will empty into the larger (45) , because of the inverse relationship between PS and r, as given by Laplace's law. In the alveoli, this behavior is opposed by the tissue elasticity and by the ability of surfactant to increase the surface tension during inflation of the alveolus (45) . Combining the effects of tissue and surfactant properties distinguishes the present model from previous models describing alveolar behavior.
Surface area and volume changes in the alveoli. For a human subject in the supine position, the values total lung capacity (TLC) ϭ The average maximum V A (VA TLC ) can be calculated as:
For a radius of the rigid ring of a ϭ 100 m, a maximal alveolar radius r Max ϭ 163 m, can be calculated from Eqs. 1, 2, and 3. The same calculation gives an average VA, VA FRC ϭ 5.5 nl at FRC, and an VA, VA RV ϭ 3.8 nl at RV. Equation 7 assumes that the inspired air besides dead space is distributed only to the alveoli, ignoring air residing in the alveolar ducts (6, 45, 47) . Table 1 shows calculations of the average relative V A and surface area changes during three different respiratory maneuvers for different radii a of the rigid ring. The three respiratory maneuvers are expiration from 1) TLC to FRC, 2) TLC to RV, and 3) FRC ϩ V T to FRC. For each maneuver, the average relative reduction in VA and AA has been calculated using Eqs. 1, 2, 3, 8 , and 9.
Volume reduction ϭ
End exp volume
End insp volume (8) Area reduction ϭ End exp area End insp area (9) Note that the reduction in V A is calculated as the percentage left in the alveolus at the end of expiration relative to the end-inspiratory volume, e.g., in the first maneuver, the V A is reduced to 30.8%, while the volume is only reduced to 80.4% in the third maneuver, even though the absolute end-expiratory volume is the same for both maneuvers. The same applies for the calculations of surface areas. A model of surfactant mechanical properties. The hysteresis due to surfactant activity measured with captive bubble surfactometry was among others studied by Lu et al. (21) . The surface tension as a function of the relative surface area was measured in air bubbles coated with bovine surfactant extract during different degrees of dynamic compression. Data read from the study are shown in Fig. 2 . The data show that, when the surface area of the bubble is reduced by compressing the bubble, then the surface tension decreases down to a minimum value defined by ␥ Min.
A biophysical interpretation of this behavior has been proposed by Morris et al. (27) and Krueger and Gaver (20) . During the compression, the concentration of the surfactant monolayer in the air-liquid interface is increased, and the surface tension is reduced accordingly. When the surface tension has been reduced to ␥ Min, the maximal possible surfactant concentration has been reached, and any further compression results in "collapse" of the monolayer formed by the surfactant, and a secondary bilayer is formed in the liquid phase, effectively removing surfactant from the air-liquid interface.
When the relative surface area is increased by expansion of the bubble, the surface tension rises up to a maximal equilibrium surface tension defined by ␥ Max. Any further expansion will lead to "respreading," where the secondary bilayer is incorporated into the monolayer at the air-liquid interface, effectively adding surfactant to the airliquid monolayer. As seen in Fig. 2 , the surface tension exhibits hysteresis whenever the bubbles are compressed beyond a threshold A Meta, which is 62% of their maximal surface area. If the surface area is not reduced below 62%, no hysteresis occurs (21) .
We used the results reported by Lu et al. (21) to derive a model of surface tension due to surfactant as a function of the compression of the surface area.
The relative A A (AR) is defined by Eq. 10.
where A 0 is the surface which can be covered by the amount of surfactant currently in the monolayer, when the monolayer is stretched to give the ␥ Max. A0 must be updated through a breath (A0,New), according to Eq. 11, to account for surfactant removed from or added to the air-liquid monolayer because of compression during expiration or expansion during inspiration.
A second-order polynomial stated in Eq. 12 has been chosen as a model for the surface tension during compression and expansion.
To determine the coefficients a, b, and c, constraints have been formulated on the basis of the data by Lu et al. (21) . First, Eq. 12 must reach the maximal value (␥Max) when the AR ϭ 1. Second, Eq. 12 must equal the ␥Min when the AR reaches AR ϭ AMeta. The two requirements can be expressed mathematically by Eqs. 13 and 14, respectively.
␥ Max and ␥Min were estimated from the four datasets represented in Fig. 2 (21) by averaging the points of highest and lowest values for the surface tension, resulting in ␥Max ϭ 28.1 mN/m and ␥Min ϭ 1.0 mN/m, respectively, in agreement with previous findings (11, 32, 34, 46) . Equation 12 can be applied to all data points in Fig. 2 (21) , giving a set of regression equations. A least squares solution to these equations under the constraints given by Eqs. 13 and 14 over all of the points in Fig. 2 gives the values: a ϭ 98.9 mN/m, b ϭ Ϫ89.0 mN/m, c ϭ 18.3 mN/m, and A Meta ϭ 0.617. Simulated surface tensions are shown in Fig. 2 as solid curves. The behavior of the surfactant model will be illustrated by following the relationship between surface tension and relative surface area during a breathing maneuver, consisting of an expiration and an inspiration (Fig. 3) . Figure 3 shows a simulation of a "breath" (1-4), starting from expiration noted by "Start expir1". During the expiration, beginning at the point labeled "Start expir1", the surface tension initially follows curve 1. On this curve A Meta Յ AR Յ 1, so A0 remains constant and ␥ is given by Eq. 12. Note that, if the expiration is stopped somewhere along curve 1 and an inspiration is begun, then the surface tension will still follow curve 1, without any hysteresis. During the second part of the expiration (curve 2), the surface tension Fig. 3 . Simulation of the ␥ where alveolar area does not return to its previous value, e.g., after a yawn, where a large inspiration is followed by a smaller tidal breath. During expiration, the ␥ follows curves 1 and 2. During inspiration, ␥ follows curves 3 and 4. In the following smaller breath, ␥ follows curve 5. is constant, since the AA is compressed Ͻ61.7% of the start surface area and A0 is changed according to Eq. 11 to account for surfactant removed from the monolayer due to collapse. AR, therefore, remains constant (AR ϭ AMeta). During the first part of the inspiration (curve 3), the surfactant left in the monolayer is allowed to expand. This happens without adding surfactant to the monolayer. Therefore, A0 is constant, and AR increases toward 1. During the last part of the inspiration (curve 4), the surface tension is maximal, AR ϭ 1, and A0 is gradually increased according to Eq. 11 to account for the surfactant added to the monolayer due to "respreading" of the secondary layer. During a following second expiration (curve 5), the surfactant will be compressed again, but now using the value of A 0 achieved at the end of the inspiration.
Lung tissue properties. The lung tissue exerts a recoil pressure when inflated. This has been examined by inflating excised rabbit lungs with saline, making it possible to eliminate surface tension (34) . The excised lung was reported to be affected by a gravitational pressure gradient of ϳ0.1 kPa down the lung. This effect is considered minor and is disregarded in the model. Measurements by Smith and Stamenovic (34) of inflation and deflation reveal some degree of hysteresis (Fig. 4) . This effect is also disregarded. The model represents the tissue properties of the whole lungs, including alveolar membranes and the tissue connecting the alveoli. Assuming all alveoli have identical elastic properties, the measured P E is also valid for a single alveolus. Figure 4 shows the data read from Smith and Stamenovic (34) translated to relative V A with a curve fitted to data. The equation for the curve fit is stated in Eq. 15 .
Ϫ1.31 ϩ 0.1909 ͪ · 0.4320 kPa (15) where V A Rel is the VA relative to VA TLC .
RESULTS
To determine the effect of tissue elastic properties and surfactant on alveolar stability, model simulations have been performed in five situations: 1) no effect of lung tissue elastic properties and a constant surface tension from a liquid-air interface without surfactant; 2) the effect of lung tissue elastic properties alone; 3) the effect of lung tissue elastic properties and a high surface tension from a liquid-air interface without surfactant; 4) the effect of surfactant alone; and 5) both the properties of surfactant and tissue elastic properties included. Finally, the simulated total PV relationship is compared with data obtained from an excised cat lung.
The alveolus without surfactant and tissue elastic properties.
In patients with ARDS, the effect of surfactant may be reduced because the surfactant has been washed away by pulmonary edema (44) , or because the surfactant has been deactivated by plasma proteins (49) . In these cases, the lungs are ventilated under high surface tension. The surface tension in an alveolus without surfactant is assumed to be equal to the surface tension of plasma, ϳ73 mN/m (18) .
If the radius a of the rigid ring is small compared with the radius of the alveolus, then the alveolus behaves like a sphere. The P TM of the alveolus then follows Laplace's law (Eq. 6), resulting in the hyperbolic curve labeled a ϭ 0 m in Fig. 5A .
This hyperbolic PV curve (a ϭ 0 m) has a negative slope, which implies that the pressure increases with decreasing volumes. This is a situation of unstable equilibrium, where, at a given pressure, any small perturbation of the V A will lead to either collapse to zero volume or expansion to infinite volume. Furthermore, a collapse is irreversible, since the P A goes toward infinity at small volumes. These are undesirable properties for an alveolus and incompatible with normal lung function.
It is clear from photographs of cross sections of lung tissue that the radius of the "rigid ring" is not small compared with the radius of an alveolus (17) . A value of a in the range from 75 to 150 m seems realistic. If the PV curve under this modified geometric assumption is plotted, then we get curves (Table 1) . PTM, transmural pressure. labeled 75, 100, and 150 m, respectively, in Fig. 5A . This assumption actually imparts some degree of stability to the alveolar PV relationship with a positive slope for small V A values. However, the slope becomes negative, when the alveoli reach the semispherical shape, corresponding to the situation in Fig. 1B . Above that volume, the alveolus remains unstable. The pressure at which it is possible to reach the negative slope depends on the radius a of the rigid ring. At a radius a ϭ 75 m, the pressure required to "pop open" the alveolus is 1.9 kPa. For a ϭ 100 m, the opening pressure is 1.5 kPa and for a ϭ 150 m, 1.0 kPa.
The alveolus with tissue elastic properties and without surface tension. This situation is simple and completely described by the model of elastic tension given by Eq. 15. Inspection of the curve in Fig. 4 reveals that the slope of the curve in the PV diagram is positive for all volumes, leaving no room for instability.
The alveolus with tissue elastic properties and a high surface tension. For alveolar opening radii of 0, 75, and 100 m, the alveolus will be unstable and will pop open at its opening pressure. As shown in Fig. 5 , the elasticity stabilizes the alveoli so that, when the opening pressure is reached, it pops open to a finite volume. When the opening radius is increased to 150 m, the alveolus is stabilized by the tissue elastic properties, even without the effects of surfactant.
The alveolus with surfactant and without tissue elastic properties. Surfactant reduces the surface tension and may also provide stability to the alveoli. The surfactant model stated by Eqs. 10, 11 , and 12 with the constants a, b, c, and A Meta generates the plots in Fig. 6A . The thick line represents a maneuver, which starts in the point labeled 1 with the average alveolus inflated to its maximum radius, corresponding to a lung volume equal to TLC. The surface area of an average alveolus is subsequently reduced to 45.7% of the original surface, as indicated by the point labeled 3. This corresponds to a volume reduction to 30.8% of the original volume, or a reduction corresponding to the reduction obtained by expiring from TLC to FRC (Table 1 ). In the course of the area reduction, the area passes the point labeled 2, where the relative area is 61.7%, which is an area reduction equal to A Meta . At this point, the ␥ Min has been reached, and the parameter A 0 will be reduced according to Eq. 11. As a consequence, the surface tension will begin to show hysteresis. For relative areas larger than 61.7%, there is no hysteresis, and reinflation from point 2 back to the original area will follow the same curve between 2 and 1 as it followed during deflation.
If the alveolus is inflated from its area at point 3, it will follow the curve up to point 4. At this point, the ␥ Max has been reached, and the parameter A 0 will be increased according to Eq. 11. During the remaining part of the inflation, the surface tension will stay at its maximum, and it will follow the curve from 4 to 1.
By applying Laplace's law, the surface tension can be converted to a P A and Eqs. 1, 2, and 3 can be used to convert relative area to V A . The curves in Fig. 6A can, therefore, be replotted as alveolar PV curves (Fig. 6B) . If the deflationinflation maneuver labeled 1, 2, 3, and 4 in Fig. 6A is carried out by controlling the volume of the alveolus, then it can be refound with the same labels in Fig. 6B , where it is assumed that the radius a of the rigid ring is zero. However, the same maneuver cannot be carried out by pressure control. In that case, the instability of the alveolus will manifest itself. The alveolus will be stable along the deflation going from point 1 to point 2. In point 2, it can be seen from Fig. 6B that the slope in the PV diagram becomes negative, and, once the volume reaches point 2, the alveolus will collapse, following the leftmost curve past point 3 to the bottom of the diagram and then converge toward zero volume and infinite pressure. As was the case without surfactant, this situation is irreversible because of the infinite pressure. It should also be noted that points on the rightmost curve in the PV diagram, including points 1 and 4, are unstable. An alveolus under pressure control, placed on this curve, will continue up the curve, past point 1, until it reaches infinitely large volume. Thus, even with surfactant, an alveolus displays both collapse and expansion toward infinity, just like the alveolus without surfactant.
Nevertheless, the situation with surfactant is better than the situation without surfactant. We can reinterpret the movements in the PV diagram (Fig. 6B ) and let point 1 represent a situation where the V A corresponds to a normal inspiration, i.e., that the lung volume is equal to FRC plus V T . A normal expiration to FRC would only reduce the relative volume to 80.4%, and normal respiration would, therefore, stay at the stable part of the curve between points 1 and 2. This is a marked improvement relative to the situation without surfactant, where even normal respiration would be unstable.
A further improvement of stability can be achieved, if we also consider geometries where the radius a of the rigid ring is greater than zero. The alveolus will collapse, but not to zero volume. The volume will be caught at the small notch evident in the bottom left corner of Fig. 7A . This collapse is reversible. Upon reinflation, the maximal pressure required to open the alveolus is 0.75 kPa for a ϭ 75 m and only 0.38 kPa for a ϭ 150 m. Once the opening pressure is reached, the alveolus will still expand to infinite volume, just as in the case, where a ϭ 0.
It is also interesting to note that, according to Fig. 6B , the classical two bubble model, where the sum of the two volumes is kept constant, will be stable. Stability is ensured as long as the slope of the curve "1-4" is steeper than the slope of the curve "3-4". However, it does not change the conclusion, that an alveolus with surfactant displays both collapse and expansion toward infinity, just like the alveolus without surfactant. This is because the appropriate comparison is not a twobubble, but an N bubble model. If, in an N bubble model, one alveolus increases its volume, then the volume decrease must be distributed between the remaining N Ϫ 1 alveoli. Each of those, therefore, sees a much smaller volume reduction, which gives rise to a much smaller pressure drop in the alveoli with decreased volumes. Therefore, the negative feedback becomes positive, leading to instability. Graphically, it can be interpreted as the slope of the curve "3-4" becoming N Ϫ 1 times steeper.
The alveolus with surfactant and tissue elastic properties. In this situation, the alveolar P TM is given by Eq. 5, i.e., as the sum of the P E and the pressure due to surfactant P S .
For the geometry where the radius of the rigid ring is zero, the alveolar PV curve is plotted in Fig. 8A . During deflation, the alveolus is now completely stable, and even deflation from TLC (point 1) down to RV (point 5), followed by an inflation through points 6, 4, and 1, will keep the alveolus stable. However, if the alveolus is subjected to PA Ͻ 0.1 kPa, it will close, and this closure is irreversible.
If the radius a of the rigid ring is 75 m (Fig. 8B) , then closure of the alveolus becomes reversible with an opening pressure of 0.8 kPa (Fig. 8B) . In this situation, the alveolus will open with a "pop", jumping from the volume at the opening pressure to a higher volume. This is shown in Fig. 8B by an arrow with "Pop" noted. A further increase to a ϭ 100 m will eliminate the ability of the alveolus to pop open, and with a ϭ 150 m the alveolus will be completely stable.
Comparison to cat data. Bachofen et al. (4) measured the PV relationship in an excised cat lung. Producing a model simulation for a cat requires reestimation of the model parameters. The ␥ Max is different for different species (2, 13, 28, 33) , and the alveoli tend to be smaller for smaller animals (25, 41) . 
DISCUSSION
This paper has used as a starting point the approximation that the geometry of an alveolus can be approximated by a spherical inflated through a rigid ring. The analysis showed that, without surfactant and with a small radius a of the rigid ring, the alveolus is always at an unstable equilibrium with the capacity both to close irreversibly and to open with infinite volume. By assuming the radius of the rigid ring to be larger than zero, the closing can be made reversible, although a fairly large pressure, 1-2 kPa for a going from 150 to 75 m, is required to reopen a collapsed alveolus. The model thus predicts the opening pressures required to open alveoli in the absence of surfactant, which may be clinically relevant for premature babies in whom the production of surfactant is insufficient or in case of ARDS, where surfactant has been washed away by pulmonary edema (44).
We have not been able to find estimates of the radius of the "rigid ring" in the literature, but visual inspection of photomicrographs of lung tissue (17, 45) has led to the use of a range of radii, going from 75 to 150 m. For a ϭ 100 m, the ratio a/r Max ϭ 100:163 m ϭ 0.61. Alveolar behavior is stable for a Ն 100 m, when both surfactant and tissue elasticity are taken into account (Fig. 8) . Furthermore, when a/r Max ϭ 0.61 is used to simulate the PV curve, the simulations give a reasonable fit to the experimental data (Fig. 9) . We, therefore, believe a ϭ 100 m to be a reasonable estimate for the radius of the "rigid ring" in the human alveoli.
Based on in vitro behavior of surfactant, a novel model of the mechanical behavior of surfactant has been constructed. Surfac- tant stabilizes the alveolus for moderate volume changes, compatible with stable behavior during normal breathing, even without the stabilizing effect of tissue elasticity. However, the capacity both to close irreversibly and to open with infinite volume remains for a equal to zero. For nonzero values of a, the collapse of alveoli can be made reversible with moderate opening pressures ranging from 0.37 to 0.75 kPa.
Simulations were performed without surfactant, but with the tissue elasticity unaffected, as is the case of ARDS, where leak of plasma proteins and edema deactivate surfactant. These simulations show that the alveoli are stable when the alveolar opening radius is 150 m, but unstable for opening radii of 0, 75, and 100 m.
When the passive elastic properties of alveoli are added to the surfactant properties, we obtain a model that does not display obviously unreasonable behavior and that actually predicts that normal breathing will take place in a range of inflation and deflation, which does not give rise to hysteresis, while deeper breaths will give rise to hysteresis. Qualitatively, this agrees well with the behavior of whole lungs observed during mechanical ventilation (14) .
Several other assumptions in the paper are open for discussion. The surfactant used by Lu et al. (21) is bovine and presumably has mechanical properties that are somewhat different from human surfactant, although it has been argued that bovine surfactant resembles human surfactant (37) . Furthermore, the experimental data used for the surfactant model are obtained under constant dynamic compression/expansion of 25 s per cycle, while breath cycles in an adult take ϳ4 s. This may be an issue for further improvement, since the hysteresis is shown to be dependent on the speed of compression (11) .
It has been shown experimentally that the alveolar surface area under normal conditions is increased by approximately two-thirds power of the lung volume changed (6, 13) , according to the spherical equations. This relation between lung volume and lung area has, however, been questioned recently, in particular at low lung volumes and when surface tension is high (3, 10, 29, 31, 40, 42, 46, 47) . Since the presented model does not include the alveolar ducts, it cannot contribute to an understanding of this phenomenon, and maybe results should be interpreted with caution under these circumstances. Another limitation is that the model does not allow changes in elastic properties of the alveolar wall, thus being incapable of simulating how the properties change with, e.g., fibrosis (22) .
In Fig. 9 an alveolus with surfactant and in Fig. 5B an alveolus without surfactant are compared with the behavior of whole excised lungs. Such a comparison is only valid to the extent that the simulated alveolus is representative for all alveoli in the lungs. In principle, the presence of a hydrostatic gradient in the lungs, due to the weight of the lung tissue, cause alveoli at different heights in the lungs to behave differently. Due to the small size of the cat lung, the hydrostatic gradient is limited, and this may explain why experimental data and simulations agree reasonably well in Fig. 9 . In Fig. 5B , the alveolar behavior for a ϭ 100 m is unstable, where alveoli close and pop open. This makes it less valid to infer the behavior of a whole lung from an "average" alveolus and may explain why there is a poorer agreement between experimental and simulated data in Fig. 5B . An additional problem in Fig. 5B is that alveoli are modeled individually. When an alveolus closes, the interaction with neighboring alveoli with which the alveolus shares a wall must be substantial. Presumably, this will make neighboring alveoli open and close at the same time, but this cannot be modeled with the current model.
Despite these shortcomings, the current simple model of alveolar geometry, surfactant, and tissue elasticity shows how these factors combine to provide alveolar stability. The model also predicts that compromised surfactant will cause closing of alveoli with reopening pressures up to 2 kPa, depending on the radius of the alveolar opening toward the alveolar ducts.
As the next step, the alveolar model will be included in a larger lung mechanical model, which also takes into account the hydrostatic gradient down the lung, as well as the effect of the chest wall (36) .
